Noroviruses (previously called Norwalk-like viruses [NLVs] ) have emerged as the single most common cause of outbreaks as well as sporadic cases of acute gastroenteritis in children and adults (13, 20, 55) . Epidemiological investigations of outbreaks have shown that the most important modes of transmission are person-to-person contacts and contaminated food and water (20, 31) . Multistate and global outbreaks linked to the distribution of contaminated foods and water have been reported (4, 6, 14, 45) . Moreover, the emergence of a common strain with global distribution has raised important questions on the likelihood of massive food-borne introduction of new NLV strains (43, 51) .
Since human NLVs have not yet been cultivated in vitro, detection has traditionally relied on electron microscopy (EM) or immune-EM (11, 25) . Although several reference centers still utilize EM for the routine investigation of outbreak samples, the successful cloning and sequencing of complete and partial NLV genomes has allowed the development of more sensitive reverse transciptase PCR (RT-PCR) methods. Firstgeneration RT-PCR assays that used primers based on the prototype Norwalk virus performed poorly since the genetic diversity of NLV strains was much greater than anticipated initially and therefore the primers selected needed to be optimized (12, 26, 41, 44) . Using sequence information of an increasing number of NLV strains, several research groups successfully developed RT-PCR assays based on improved primers targeting a conserved region of open reading frame 1 (ORF1) coding for the viral RNA polymerase (POL region) (1, 17, 21, 30, 34, 40, 50, 56) . Subsequently, these assays have been used successfully in epidemiological studies for the diagnosis of NLVs in fecal specimens from both outbreaks and sporadic cases (1, 7, 13, 17, 37, 40, 46, 50, 51) . In addition, primers directed to other regions of the NLV genome have been developed, including the 2C helicase, the 5Ј end of the capsid region, and ORF3 (22, 38, 42, 52, 54, 56, 57) . In general, however, assays based on these regions are less broadly reactive. With few exceptions (46) , most assays for the detection of NLVs in stool samples are based on a single-round format, whereas for detection of low copy numbers in environmental samples (hemi)nested RT-PCR assays have successfully been developed and applied (23, 48) .
Because NLVs cannot yet be cultured in vitro, antigenic typing has been limited to typing by solid-phase immune-EM and enzyme-linked immunosorbent assays based on recombinant capsid proteins (28, 35) . Recently, the National Institute for Public Health and the Environment (RIVM; Bilthoven, The Netherlands) and the Centers for Disease Control proposed similar NLV genotyping schemes based on the diversity in the entire capsid gene (2, 33) . Correlation between genotype and antigenic type was at least found for strains from nine genotypes (19, 52) . The current consensus is that the NLVs commonly found in humans can genetically be divided into two genogroups (GI and GII), which further segregate into genotypes. At least 15 genotypes exist with an arbitrary cutoff of a 20% amino acid difference across capsid sequences (19, 53) . In addition, two new NLV genogroups have been proposed: NLVs detected in fecal specimens of calves with Jena virus as the prototype virus (GIII [2, 36] ) and genogroup GIV, which consists of human strains that cluster equidistantly with both GI and GII viruses, with Alphatron virus as the prototype virus (33, 53) . For the majority of NLV strains tested in a panel of 31 strains, there was agreement between clustering of strains based on the capsid gene and a small region of the POL gene used for diagnosis (52) . Consequently, the current used POLbased assays can provide indications of the level of diversity in epidemiological studies (1, 15, 37, 40, 46, 51) . For comparability and exchange of data, it is important to agree on a specific region for detection and subsequent typing.
For interpretation of RT-PCR, methods other than gel electrophoresis are essential to prevent false-positive results. Hybridization and DNA sequencing of the RT-PCR products are commonly used methods for confirmation of RT-PCR products (1, 17, 21, 34, 50) . Recently, NLV genotyping methods for high throughput have been described that target an overlapping region in the POL region used for diagnosis (5, 39, 40, 53) . The lack of international harmonization of detection and genotyping methods for food-and water-borne viral infections, including NLV, has precluded full use of the molecular information for tracking of outbreaks across borders and for elucidation of the major transmission routes. Therefore, we initiated a collaborative research project funded by the European Union (EU) to allow more rapid and internationally harmonized assessment of the spread of food-borne viral pathogens (QLK1-1999-00594 [EU 5th Framework Program]). To understand how data from different regions can be aggregated, we compared five different RT-PCR assays for detection of NLVs with a panel of coded stool samples. QLK1-1999-00594] ). Overall, the aim of this consortium was to allow more rapid and internationally standardized assessment of the spread of food-borne viruses, including elucidation of the mechanisms of emergence of novel variants, by harmonization of methods, the use of a common database, and epidemiological follow-up of international food-borne viral infections. There are four work packages, namely, (molecular) virology (WP1), database (WP2), epidemiology (WP3), and food microbiology (WP4). The work described here was performed within WP1. The objectives of this work package were to compare the performance of existing methods for detection and (geno)typing of NLV and hepatitis A virus by using a coded panel of stool specimens, resulting in the selection of consensus assays for use in outbreak investigations across Europe.
MATERIALS AND METHODS

European
Inventory of methods. One of the objectives of the present study was to compare methods and, if possible, to select a consensus assay for the molecular detection of NLVs to be used throughout Europe, with a special focus on multinational outbreaks. Information on the methods used by the different partner laboratories for RNA extraction, RT-PCR detection, and genotyping of NLVs was obtained by using a questionnaire.
Assembling and coding of the stool panel. A coded stool panel of 82 samples was compiled from stool specimen collections from five different partner laboratories (p1, p2, p4, p5, and p6). The specimens had been collected over a 4-year period of time (1997 to 2000), were derived from both outbreaks and sporadic cases of gastroenteritis, and had previously been tested for NLVs by RT-PCR (p1, p2, p4, p5, and p6) and EM (p2 and p4). The specimens had been stored either as original stool samples at 4°C (p1, p2, p4, and p5) or as 10% suspensions in phosphate-buffered saline at Ϫ20°C (p6). All samples were shipped frozen to the p1 laboratory (RIVM) and were coded by an epidemiologist who had no prior knowledge of contents or origin of the samples. In addition, nine stool samples representing nine different NLV genotypes were included as positive controls. The panel samples were frozen at Ϫ70°C and shipped on dry ice to four different participating laboratories. All laboratories were asked to assess the presence of NLVs in the specimens by using their routine diagnostic workup and, in addition, to determine the detection limit of the samples containing viruses from nine genotypes. Instead of a stool panel, viral-RNA extracts of a complete panel were shipped to the central reference laboratory for NLV detection in the United States (Viral Gastroenteritis Section, Centers for Disease Control), designated the p13 laboratory.
RNA extraction and RT-PCR. Viral RNA was extracted from the panel samples according to published standard procedures used in each partner laboratory (18, 34, 40, 46, 50) . The essentials of the procedures are listed in Table 1 . Laboratories p1, p5 and p6 used a silica-based method (8) and laboratory p2 used Tripure reagent (Roche) as described previously (40) . For RT-PCR, each partner laboratory tested the RNA extracts by using published assay formats and primer pairs (Table 2) . Laboratory p1 used a separate step for the RT reaction, followed by a PCR assay with the primer pair JV12-JV13 (50); laboratory p2 used a separate RT with NVp110, followed by PCR with the primers NVp110, Ni, and NVp69 (40); laboratory p5 used two RT-PCR assays with the E3-Ni and E3- Ando primer pairs, respectively (18); and laboratory p6 used a recently published nested RT-PCR assay format (46) , with some modifications. Briefly, for the first PCR an equimolar mixture of primers 32 and 32a and antisense primer 36 were used. In the second PCR a mixture of primers 33, 33a, 35, and 35a was used (Table 2) . Laboratory p13 tested RNA extracted by p1 by using a single-tube RT-PCR assay targeting the 3Ј end of ORF1 (region B) (16) . Detection of NLV RT-PCR products was confirmed by using Southern hybridization and reverse line blot hybridization (RLB) (50, 53) (p1), microplate hybridization (40) (p2), and sequencing (p1, p5, p6, and p13). Detection limits. To determine the detection limit of each RT-PCR assay, participants were asked to prepare and test 10-fold serial dilutions of purified RNA prepared from undiluted fecal samples containing nine different NLV genotypes as determined by sequence analysis (50) . The PCR titer was calculated per milliliter of original stool suspension and was based on the highest dilution giving a clear positive signal after RT-PCR.
NLV genotyping by RLB. For high-throughput screening, NLVs were genotyped at the p1 laboratory by RLB, which was performed as described previously (53) . Briefly, all panel sample extracts were amplified by using the standard RT-PCR, including a biotin-labeled JV13 primer. The amplified biotinylated products were hybridized to a set of 18 immobilized oligonucleotide probes, each corresponding to a genogroup (I or II) or genotype (53) . Hybridization was performed in a miniblotter system (MN45; Immunetics, Cambridge, Mass.) that can analyze 40 samples simultaneously. After hybridization, bound PCR products were detected by chemiluminescence (53) . Phylogenetic analysis of a 145-nucleotide (nt) region of the POL gene was used as the "gold standard" for genotype identification (53) .
DNA sequencing and phylogenetic analysis. All extracts that resulted in NLV RT-PCR products of the appropriate size (327 bp for p1, 113 bp for p5, 338 bp for p6, and 213 bp for p13) were sequenced in both directions by using dye terminator chemistry. PCR products of the p2 laboratory were not sequenced. The NLV genogroups and genotypes were assigned according to a recently proposed classification system (2, 20, 33) . Briefly, genotypes within genogroup I or II (GI or GII) are represented by a cryptogram of the prototype strain, followed by the genogroup and cluster number in parentheses as follows: Hu/ NLV/GI/Norwalk/1968/US (GI.1), Hu/NLV/GI/Southampton/1991/UK (GI. In addition, we included sequences of strains belonging to a distinct branch within a genotype (Hu/NLV/GI/Stavanger/1995/NO (GI.3b), Hu/NLV/GII/Wortley/ 1990/UK (GII.1b), a sequence that tentatively is assigned to a fourth genogroup (Hu/NLV/GIV/Alphatron/1998/NL (GIV.1), and viruses of which the grouping in ORF1 is different than in ORF2 in the phylogenetic analyses.
Genetic classification of the strains was performed by using nucleotide sequences of a 145-nt consensus POL region for strains from p1 and p6. A multiple alignment was constructed by using CLUSTAL W (v1.4) and imported into the Treecon software package (49) . To compile a phylogenetic tree, distances of 100 bootstrapped data sets were calculated by using the Jukes and Cantor correction for evolutionary rate (49) .
Combining data and selection criteria for the assays. After each laboratory returned its results for detection (p1, p2, p5, p6, and p13), genotyping (p1), and sequencing (p1, p5, p6, and p13) to the coordinator (p1), the code of the panel was broken. Assays were ranked based on an arbitrary scoring system for sensitivity and detection limit based on the actual data from the panel evaluation from lowest (score 1) to highest (score 5). In addition, having a single-round format was assigned two points, whereas having a nested format was assigned the score 0, since the latter was considered less desirable to use in a clinical diagnostic setting. 
RESULTS
Inventory of methods.
All partner laboratories used an assay targeting the POL gene in the NLV genome. The overlap of the amplified region between the assays, however, was 63 nt only. Based on the inventory (Table 1) , we selected four assays (p1, p2, p5, and p6) for comparative evaluation (18, 40, 46, 50) . The assays reflect the diversity of RT-PCR detection methods for NLVs used by different partner institutes. In addition, at the p13 laboratory, a recently developed RT-PCR assay was used that targets a different region within ORF1 with no sequence overlap at all (16) .
Sensitivity of five different RT-PCR assays for the detection of NLV. After we broke the code of the panel, we found that 82 of the 91 samples of the stool panel had previously tested positive for NLV by either RT-PCR (75 samples) or by EM (7 samples). The remaining nine samples had been included as negative controls and originally tested negative by RT-PCR. Therefore, all calculations of the sensitivity rate were performed by using the 82 NLV-positive samples as a 100% score (Table 3 ). In total, 69 (84%) of the samples tested positive in at least one of the assays. The overall sensitivity rate of the assays (considering any positive test result) ranged from 52 to 73% (73% for p6, 67% for p1, 60% for p13, 59% for p2, and 52% for p5). When we compared the different assays, we found that the p1 assay had the highest percentage of positive samples when three (91%) or four (100%) of the five assays yielded positive results (Table 3) .
Sensitivity related to origin of samples. To identify whether there was a relationship between performance of an assay and the geographic origin of the samples or different sample stor- age conditions, the results were summarized based on the origin of the panel samples (Table 3) . From the 20 p6 samples that had previously tested positive the p6 assay scored 65%, whereas in the other assays a range of from 15 to 40% of the samples scored as positive. For the panel samples of other geographical origin, the sensitivity rates ranged from 55 to 70% for the p2 samples, 53 to 84% for the p4 samples, 57 to 86% for the p5 samples and 67 to 100% for the p1 samples. Of the 11 samples that had been submitted to the panel as positive samples but that tested negative upon retesting, seven (64%) were of p6 origin and had been stored as 10% fecal suspensions at Ϫ20°C. When p6 samples were excluded from analysis, the overall sensitivity rate of the assays increased significantly (65% for p5, 66% for p2, 77% for p13, 81% for p6, and 81% for p1 [ Table 3 ]). Sensitivity related to genotype. The nucleotide sequences of all RT-PCR products of the expected sizes for the p1, p5, p6, and p13 samples were determined. A stretch of 145 nt that overlapped sequences of both p1 and p6 and sequences from representative strains of 15 different genotypes (52) was used to create a multiple alignment from which a phylogenetic tree was constructed, and most panel strains could be assigned to one of the existing genotypes (20, 52) (Table 3) . NLV sequences were obtained from 66 panel strains (13 GI, 52 GII, and 1 GIV strains; Fig. 1 ) in the POL region (p1, p5, and p6 together). For three strains, sequences of less than 145 nt were obtained and therefore were not included in the phylogenetic analysis. One of these strains was detected in a sample in which a completely different NLV sequence was detected by a different partner laboratory (sample 3, Table 4 ). Overall, the RT-PCR assays detected between 54 to 100% for the GI strains and between 58 to 85% for the GII and GIV strains ( Table 3) . The sensitivity of detection by genotype was lower for the p2 assay for GI strains (54%) and for the p5 assay for GII and GIV strains (58%). The performance results for each RT-PCR assay, including the nine samples that originally tested negative, are shown in Table 4 .
Detection limit. To calculate the detection limit of each RT-PCR assay, each partner laboratory determined the RT-PCR endpoint titers of nine different NLV strains. The detection limit differed from 10 3 -fold for the Southampton strain up to 10 7 -fold for the Toronto strain (Fig. 2) . Ranking of the assays. After we compared the overall sensitivity, the detection limit, and the PCR format (single-round or nested) of each of the assays evaluated in the present study, it was clear that no single assay stands out as best based on all of these criteria. However, the p1 assay scored higher for sensitivity and for not having a nested format.
Genotyping. (i) Sequencing. In order to classify the NLV strains in the present study, we combined and extended three previously published NLV classification schemes (2, 20, 33) based on NLV strains for which complete ORF2 sequences were available. To assign genotypes by using POL sequences, we used our previously defined working criteria: Ͼ85% similarity based on the nucleotide sequence of the POL fragment for GI strains and 90% for GII strains (52) . Phylogenetic analysis of 66 POL sequences obtained in the present study revealed that they could be grouped into 17 clusters; 5 within GI, 11 within GII, and 1 (Alphatron; GIV) clustering almost equidistant from GI and GII (Fig. 1 (Fig. 1). (ii) RLB. Genotyping of NLVs by RLB was performed with a membrane to which a set of 18 probes was bound as described previously (Fig. 3) (53) . In all, 50 of the 55 (91%) samples tested positive by RLB and, of these, 37 (74%) could be genotyped directly when compared with the sequence of the POL region. Of the 13 untypeable strains, 11 reacted only with a genogroup probe (GI or GII) and were negative with a genotype-specific probe (four Bristol strains, two Sindlesham strains, two Leeds strains, one Rotterdam strain, one Desert Shield strain, and one untypeable GII strain). Two strains that were determined to belong to the Wortley subcluster (GII1b) by sequencing were incorrectly genotyped by RLB as Bristol and Melksham, respectively.
DISCUSSION
To establish an international laboratory surveillance network for the detection of multinational outbreaks of NLV gastroenteritis across Europe, a harmonization of methods for NLV diagnosis is needed. Molecular detection of NLVs has found widespread use since the development of RT-PCR assays that allow successful amplification of viruses that are often shed in low numbers and are genetically extremely heterogeneous (1, 20) . By using these assays as the diagnostic tool, it has been established that NLVs are the most common cause of outbreaks of gastroenteritis worldwide (15, 33, 37, 43, 51) . Harmonized detection and genetic comparison of NLV strains ideally requires an assay that has high sensitivity and specificity, that is easy to standardize, that preferably (though not necessarily) uses a single-round format, and that results in a product that is sufficiently long for reliable phylogenetic typing.
In the present study, we selected five different RT-PCR assays and tested their performance with a panel of 91 stool specimens. To have the best representation of circulating NLV strains, this panel included specimens from five different countries, specimens that were EM positive but had previously tested as RT-PCR negative, and specimens representing at least nine different NLV genotypes. Overall, the sensitivity was acceptable (Ͼ84%) for all assays with the samples that were unambiguously positive (four of five or more tested positive). The sensitivity went down to as low as 62% (p5) when all positive results were included. This suggests differences in the detection limit for the assays with decreasing sensitivity, which was observed most prominently for the p2, p5, and p13 assays. Indeed, for the p5 test, detection limits were rather low, suggesting that this is the explanation for the lower sensitivity. The p2 assay detected viruses in highly diluted samples but appears to be more selective, since only 54% of the GI viruses were detected with this test. This may be explained by the limited number of GI probes that are used in the microplate hybridization assay which, given the high sequence diversity between VOL. 41, 2003 RT-PCR ASSAYS TO DETECT AND GENOTYPE NOROVIRUSES 1427
on February 20, 2013 by PENN STATE UNIV http://jcm.asm.org/ NLV strains, should be significantly increased to detect all currently known genotypes. This finding implies that the assays should be used with caution: while they may work well with outbreak specimens (multiple samples), problems may arise when the assays are used in community surveillance or environmental studies. A nested format was considered to be less favorable when used as a consensus assay in a laboratory surveillance network because of the higher risk of cross-contamination in clinical diagnostic laboratories. Copurification of RT-PCR inhibitors during RNA extraction, lack of primer specificity, or inadequate interpretation of EM data are possible explanations for samples that previously tested positive for NLVs by EM (p2 and p4) but could not be confirmed by RT-PCR. Four of the five RT-PCR assays evaluated in the present study include primers that target the POL region involving GLPSG and YGDD amino acid motifs and are among the most frequently used in the field (1, 17, 34, 40) or have been used for screening NLVs in large-scale epidemiological studies (13, 51) . To extend our comparative analysis, we included a recently developed RT-PCR assay targeting a different region at the 3Ј end of ORF1 (16) . Other regions of the genome have been used as targets as well, including 2C helicase (54, 57) , the 5Ј end of the capsid region (21, 42) , and ORF3 (52, 56) . However, since these regions have a greater genetic diversity than the POL region, they are less frequently used. It remains to be seen whether data obtained for genotype classification by using the region B fragment (16) correlate with clustering based on the capsid gene, as has been done for the p1 assay, since there was no clear advantage of using this region over the existing assays. Furthermore, a strong disadvantage would be the loss of the current POL sequence database. Therefore, we favor the assays that target the overlapping region within ORF1. To promote further harmonization, we recommend for newly starting groups the p1 assay as the method of choice for the EU network. It is clear, however, that the overall sensitivity is less than optimal for all assays. This could be due to the loss of RNA upon storage and shipping. Of the panel samples that had previously tested positive for NLV, only 84% were found to be positive in at least one of the five RT-PCR assays, raising questions regarding the stability of the viruses in these falsenegative samples. The preferred storage condition for diagnostic work is fresh stool specimens at 4°C, but samples were divided into aliquots and frozen for shipment. Since the majority of the false-negative samples originated from one laboratory from which 10% fecal suspensions in phosphate-buffered saline were included in the panel, instead of the original undiluted fecal sample, it is conceivable that the viruses in these samples may have deteriorated during storage, shipment, or freeze-thawing, as has been described previously (9) . Therefore, we recommend the use of raw stool samples stored at Ϫ70°C or lower for future primer evaluation studies. Several factors can affect the sensitivity and specificity of RT-PCR assays, including the viral RNA extraction method, the primers used in amplification, and the methods used for confirmation of test results. For extraction of viral RNA, all laboratories participating in the present study used a guanidine thiocyanate-based extraction procedure to release viral RNA assay and subsequent purification by either binding onto silica beads (8) or precipitation by ethanol (10) . Although direct heat release of NLVs from fecal extracts has been described (47), the guanidine isothiocyanate-silica method has been reported to be the most successful approach to removing inhibitors from fecal specimens (24) . Differing efficiencies of extraction and RT among the different assays might also explain discrepancies that could be addressed with viral cDNA as the starting material. Visual interpretation of gels after gel electrophoresis yielded bands in the right range for several samples in the p1, p5, and p13 assays, demonstrating the necessity to confirm the specificity of the amplicons by a second method such as DNA sequencing of the RT-PCR products, Southern hybridization, microplate hybridization (40), or RLB (53). Nonspecifically amplified DNA can easily be generated because low annealing temperatures (i.e., 37°C) are used during PCR to tolerate some mismatches between primers and NLV templates (3, 51, 54) . This is considered essential for the successful generic detection of such a genetically diverse group of viruses. All five RT-PCR assays detected the majority of the genetic clusters present in the panel. However, there were considerable differences among the performance of the assays because only 34% of the samples tested positive in all assays. Overall, the p2 assay performed relatively poorly in detecting GI strains, and the p5 assay performed poorly for the GII strains. The reason for the latter result is unclear since both assays use primer Ni, which detects primarily GII strains (17) . Primer NV69 (p2) was developed based on the Norwalk virus se- Ͼ80% amino acid similarity in the complete capsid gene (19, 53) . With few exceptions, NLV strains cluster similarly when different regions of the genome are analyzed (52) . In our study, genotyping by RLB showed a high level of agreement with POL typing after sequencing and phylogenetic analyses. However, several genotype-specific probes missed corresponding strains and, therefore, need to be refined. Other high-throughput NLV genotyping systems have recently been described (5, 39) and require further evaluation. The elegance of RLB is its straightforwardness of standardization between laboratories, since probe-labeled membranes can be prepared at a central facility and used by others. In addition, new probes directed toward newly emerging strains can easily be added. The limitations of this typing method include the minimum size of the amplicon (160 bp) necessary to target the probes on the membrane (53) and the limited sequence variation in the POL region between some clusters (e.g., Hawaii and Wortley), which makes the design of cluster-specific probes challenging. The amplicon size limitation precludes the use of assays p2 and p5 in combination with this method. In addition, RLB clearly cannot be used to compare closely related strains for which sequence analysis will remain the method of choice. Genotyping by microplate hybridization is another approach that could be used for high-throughput typing (40) . However, the temperature (50°C) of hybridization, as well as subsequent washing steps, prevent an easy transfer of probes used in RLB to an enzyme-linked immunosorbent assay format. Ideally, genotyping should be performed with capsid sequences as a template since these most reliably reflect antigenicity and possibly serotype epitopes. Thus far, the majority of strains show good agreement between polymerase and capsid clustering (52) , but as more and more sequences become available and recombinants are likely to circulate (29, 52 ; H. Vennema, unpublished data), it remains to be seen if the POL region alone is the appropriate region for the genotyping of NLVs.
In conclusion, this is the first study that evaluates five different RT-PCR assays for the detection of NLVs. Although no single assay stands out as the best by all criteria, evaluation of sensitivity, detection limit, assay format, and successful implementation in several other laboratories prompts us to recommend the p1 assay to laboratories that want to newly initiate NLV diagnostics. However, it must be stressed that no single assay at present detects all variants of NLV and that followup testing of negative stool samples with additional primer sets should be considered for all outbreaks matching Kaplan's criteria (32) . Due to the complementarities of some of the assays the sequence data generated in the present study, together with the increasing database of NLV strains, make it possible to design assays that may result in higher overall sensitivity and broad reactivity. Finally, although the addition of probes could further improve its performance, we feel that the RLB method may help to standardize methods for genotyping of NLV strains across Europe.
